PACS. 82.70 -Disperse systems.
Introduction.
Colloidal dispersions are ubiquitous in many areas of science and technology [l, 21 . I n situ characterization of these systems is, however, rather difficult since most of the available techniques are either intrusive or applicable only to dilute systems (e.g. quasi-elastic light scattering QELS). Recently there has been interest in the use of ultrasound as nonintrusive technique capable of providing data about concentrated colloidal systems. While theoretical attempts to describe the propagation of acoustic waves through suspensions and emulsions go back over many decades [3-61, experimental studies are still rather scarce [7-91. In particular, very few attempts were made to determine, using an acoustic technique, the average particle size of concentrated dispersions. In this letter we report ultrasonic absorption measurements in silicone-oil-in-water emulsions over a large range of frequencies and volume fractions. These measurements are compared with theoretical predictions based on the work of Epstein and Carhart [4] and Lloyd and Berry [lo] . This study illustrates that ultrasound may provide a useful technique to characterize (noninvasively and without sample dilution) concentrated emulsions and to follow their kinetics of ageing.
very accurately (f 0.05%) by the producer. A whole range of concentrations (between 2 and (40 f 0.1)%) was obtained by dilution with pure water. The mean radius of the oil droplets and the corresponding polydispersity were determined by QELS using a highly diluted sample (9 < 0.01%) and were found to be R = (132.5 f 0.5) nm and o2 S 0.1, respectively.
The physical constants of water and silicone-oil are given in table I. Most of the physical constants of the silicone-oil were determined in authors laboratory. 
-
2) Ultrasonic measurements. -The ultrasonic attenuation was determined over a large range of frequencies by using two complementary techniques. At low frequencies (400 kHz < f < 1 MHz) an Eggers resonator [12,13] was used allowing a determination of the ultrasonic attenuation to a precision of 10% for the lowest frequencies (f < 700 kHz) and of 5% otherwise. The high-frequency regime (4 MHz < f < 100 MHz) was investigated using a pulse technique (corresponding precision: 5% for f < 10 MHz and 1% otherwise). The experiments were performed at temperature T = (23 -t 0.1) "C.
Note that most of the attenuation measurements in emulsions reported in the literature are obtained by using a classical pulse technique which is not very well adapted for the investigation of the low-frequency range (f < 2 MHz) owing to diffraction phenomena. The resonator technique used in this work allows us to circumvent this limitation and to obtain important information on the physical properties of the system.
Results.
1) Theory. -There are a variety of theoretical formulations that describe ultrasonic propagation in suspensions of particles in fluids [14] . In this work we use an approach based on the works of Epstein and Carhart [4] and of Lloyd and Berry [lo] . Since this approach has been reviewed in detail in ref.
[8], we here only outline its essential features.
Consider an oil/water emulsion containing n oil droplets per unit volume. In the longwavelength limit (i.e. for a wavelength in the continuous phase much greater than the droplets size), the ultrasonic propagation in the emulsion may be described by a complex wave number K (K = 2$'c + ia, where f is the frequency, c the wave velocity and a the attenuation) given by [lo] where k is the wave number in the continuous phase, R the droplet radius and Q the droplet volume fraction (Q = 4rR3n/3). The far-field scattering amplitude f(f3) characterizes the asymptotic behaviour of the compressional wave reflected by an individual scattering centre (i.e. by a single oil droplet suspended in pure water):
In terms of Legendre polynomials, f(0) may be expanded as
The scattering coefficients A, can be calculated numerically using the theory of Epstein and Carhart [4] . Usually, only the fwst two coefficients A. and Al are important and eq. (1) reduces to (l) 3ip 27p2
k6R6
(fr = 1 -k3~3 (A, + 3A1) --(A, Al + 24:).
(4)
The p2 term corresponds to the effect of multiple scattering. From eq. (4) one can deduce the imaginary part of the wave number K , i.e. the overall attenuation ( a ) of the emulsion. This attenuation is due to visco-inertial and thermal scattering mechanisms, as well as to the intrinsic absorption in the two phases composing the system [7] . One can define the .excess attenuation. (Aa) as the difference between the overall attenuation and that caused by absorption alone:
where al and a2 are the intrinsic attenuation of water and oil, respectively.
2) Results and discussion. -The experimental measurements of ultrasonic attenuation in the silicone-oil-in-water emulsions are presented in fig. 1 and 2 .
In fig. la ) the total attenuation ( a ) is plotted as a function of the frequency for three different emulsions (p = 2.0596, 5.10% and 10.25%). The solid lines represent the theoretical prediction of sect. 3,l) (using the physical constants of table I and the droplets radius and polydispersity determined by QELS). One can observe a good agreement between theory and experiments over the whole frequency range.
Rather than using the value of the droplets radius measured by QELS, one can also try to determine it by fitting the experimental data of fig. 1 with the theoretical predictions of sect. 3,l) (the droplets radius being then the only unknown). The best fits are represented in fig. 1 (dashed curves) and the corresponding values of the radius are given by R = 130 nm, R = 136 nm and R = 128 nm for p = 2.05%, p = 5.10% and p = 10.20%, respectively.
The comparison between these values and the value determined by the QELS technique (on a highly diluted sample) shows clearly the ability of the ultrasonic technique to determine accurately the average size of the droplets in the studied range of concentrations. possible origin to this discrepancy is that eq. (4) was established assuming the spatial distribution of the scatterers to be random while real emulsions may exhibit correlations between the droplets. Another source of discrepancy could be related t o the fact that the medium surrounding the droplets is not defined self-consistently, as pointed out by
All the preceding experimental results have been concerned with freshly prepared emulsions. We now present some results concerning the time evolution of the silicone-oil emulsions. Figure 2 shows low-frequency attenuation measurements performed on the 2.05% silicone-oil emulsion sample, just after its preparation (0) and three months later (0).
One can observe in the aged sample a constant increase of alf2 as the frequency decreases.
On the other hand, we have not observed any significant variation of the attenuation in the high-frequency regime (not presented on the figure) . The study by QELS of a diluted sample of the aged 2.05% emulsion did not allow us to detect any variation in the system. An aged emulsion usually contains primary droplets (Le. original emulsion droplets) as well as a certain number of large oil droplets. If we crudely assume that the latter are monodisperse, the theory of sect. 3, 1) can be readily used to determine their size and their concentration. The best adjustment between the theoretical predictions and the data is represented in fig. 2 (solid line) and corresponds to the following size distribution:
(9 = 1.88%, R = 132 nm) + (p = 0.17%, R = 2360 nm). (6) According to the acoustical measurements we therefore expect the presence of very large droplets (in comparison with the original ones) in the sample. In order to check whether very large particles were really present or not, the emulsion was observed under an optical microscope. Figure 3 represents a microphotography of the sample. While primary droplets are not visible due to their small size (in comparison with the wavelength of the light), one does observe the presence of large oil droplets. The mean diameter of these large particles is about 1 pm, in good agreement with the acoustical predictions of eq. (6) . Note that the prior dilution that was necessary for the study by QELS has probably led to the creaming of the large droplets which therefore became undetectable. 
Conclusion.
Our ultrasonic absorption measurements in silicone-oil-in-water emulsions support well the theoretical predictions of Epstein and Cahrhart [4] and Lloyd and Berry [lo] over a large range of frequencies and volume fractions. They moreover show the ability of the acoustical measurements to characterize, noninvasively and without sample dilution, concentrated emulsions (up to 10%). More generally, ultrasound may be used for the characterization of various colloidal dispersions [16, 17] .
